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 INTRODUCTION 
 It has been estimated that more than 600 million people 
worldwide, including 156 million children, are infected with 
hookworms, nematode parasites that attach to the intestinal 
mucosa and feed on blood. 1, 2 In sub-Saharan Africa, hookworm 
( Ancylostoma duodenale and  Necator americanus ) prevalence 
is approximately 30%, 1 and in Northeastern Ghana, the preva-
lence has been reported to be as high as 50%. 3 The effects of 
hookworm infection include growth delay, especially in chil-
dren, and anemia, which, in pregnancy, is associated with poor 
birth outcomes. 4 Infection is most prevalent in communities of 
rural poverty, because transmission occurs primarily through 
physical contact with soil contaminated by infective larvae. 5, 6 
In these settings, coinfection with other endemic infectious dis-
eases (e.g., malaria, human immunodeficiency virus [HIV], and 
tuberculosis) is also common, potentially compounding the neg-
ative sequelae of hookworm and other helminth infections. 7, 8 
 Hookworm control efforts have traditionally focused on com-
munity-based treatment of high-risk populations (for instance, 
school-age children) with benzimidazole anthelminthics. 
Periodic deworming has been shown to increase growth in some 
populations 9 but not in others, 10 whereas treatment of school 
children may decrease the risk of anemia. 11, 12 The 54th meeting 
of the World Health Assembly in 2001 called for ensuring access 
to anthelminthics “with the goal of attaining a minimum target 
of regular administration of chemotherapy to at least 75% and 
up to 100% of all school-age children at risk of morbidity by 
2010.” 13– 15 However, repeated large-scale administration of benz-
imidazoles has raised concerns about the potential emergence of 
resistance, especially in light of evidence of reduced efficacy. 16– 18 
 We conducted a cross-sectional field study of hookworm 
infection in Kintampo North Municipality located in cen-
tral Ghana. The primary purpose of this pilot study (292 sub-
jects) was to define the epidemiology of hookworm infection, 
including associated risk factors and response to therapy, in 
an endemic population that had not previously been well-
characterized. Evidence confirms a high prevalence of low-
intensity hookworm infection in Kintampo North as well as 
significant rates of hookworm–malaria coinfection in children 
and young adults. We also report a high rate of treatment fail-
ure (39%) after administration of single-dose albendazole. 
Together, these data raise concerns about the potential for 
emerging benzimidazole resistance in Ghana, further high-
lighting the need for enhanced surveillance and monitoring of 
treatment efficacy in hookworm-endemic areas. 
 MATERIALS AND METHODS 
 Sample selection and surveys.  This study was approved 
by the Yale Human Investigations Committee (protocol 
number 0705002669) and the Institutional Review Board 
of the Noguchi Memorial Institute for Medical Research 
(NMIMR) at the University of Ghana. In July 2007, four 
communities in Kintampo North Municipality of central 
Ghana were surveyed: Jato-Akuraa (JA), Cheranda (C), 
Kawampe (KA), and Gulumpe (GU). These communities 
were suspected to be endemic for hookworm infection based 
on anecdotal reports from providers at local health clinics. The 
two smallest and neighboring communities (JA and C) were 
analyzed as one community (JA/C). The three communities 
included approximately 1,200 households, 62 of which were 
sampled for this pilot study. The estimated sample size needed 
was determined based on the limited prevalence data for 
Kintampo North Municipality available from the Ghana 
Ministry of Health. Within each community, 20 households 
were selected at random based on government-assigned 
house numbers, with the intent to sample two adults and three 
children per house, yielding a total sample of approximately 
300 participants. The final study population consisted of 
292 participants from 62 households ( Figure 1 ). More than 
one-half (51.2%) of the participants were 15 years old or 
younger; 258 individuals submitted a baseline stool sample and 
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a blood sample for analysis. Four participants were pregnant 
and excluded from analyses that relied on measurement of 
body mass index (BMI). 
 The study team visited each selected house to invite par-
ticipation. After completion of the consent process, the team 
administered a short demographic and health questionnaire 
(see below), measured weight and height, and distributed 
labeled stool-collection containers. Stool samples were col-
lected the following day, and approximately 2 mL blood were 
taken by venipuncture from each participant at that time. 
 Survey instrument.  The study questionnaire was translated 
into Twi and back-translated into English by native speak-
ers. Questions included information on age, gender, educa-
tion, occupation, use of healthcare resources, previous use 
of anthelminthic drugs and other medications, perception of 
medical symptoms, shoe usage, latrine usage, daily activities, 
and other habits. 
 Specimen collection and processing.  At the time of sam-
pling, two drops of whole blood were used to create thick 
and thin smears on a microscope slide, and 20 μL were placed 
in 5 mL Drabkins solution for measurement of hemoglo-
bin concentration. 19 The remaining blood sample was sepa-
rated by centrifugation, and the serum was stored at −80°C. 
Thick and thin blood smears were analyzed for the presence 
of  Plasmodium species using light microscopy. Fecal sam-
ples were analyzed for the presence of helminth eggs on the 
day of collection using the Kato–Katz method. 20 Individuals 
who were positive for hookworm or other soil transmitted 
nematodes (STNs) were treated with a single observed dose 
of 400 mg albendazole (Remedica, Limassol, Cyprus ) within 
1 week of detection. At 14–21 days post-treatment, a follow-
up stool sample was obtained from those who had received 
albendazole to determine the efficacy of treatment. 
 Measurement of serum immunoglobulin G against hook-
worm excretory–secretory proteins.  Total immunoglobulin G 
(IgG) antibody levels to  A. ceylanicum excretory–secretory (ES) 
proteins were measured in serum samples from study subjects 
using a previously described enzyme-linked immunosorbent 
assay (ELISA). 19, 21 Serum samples (diluted 1:200) from study 
participants were incubated in ES-coated microtiter plate 
wells for 3 hours at room temperature. After washing, wells 
were incubated with horseradish peroxidase-conjugated goat 
antihuman IgG (diluted 1:5,000), and bound IgG was detected 
by   adding    ABTS   (2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid)) substrate solution (Sigma, St. Louis, MO). The 
absorbance was recorded using a SpectraMax 190 microplate 
reader (Molecular Devices Corporation), and the level of 
serum reactivity (optical density [OD] at 405nm ) for the study 
population was categorized by quartile for statistical analysis. 
 Comparison of  in vitro anthelminthic activity of albenda-
zole preparations. The anthelminthic activity of the albenda-
zole used in the study was evaluated using an  in vitro egg 
hatch assay. 22 Stock solutions of albendazole were prepared in 
methanol and diluted in distilled H 2 O to 6.0 μg/mL. Approxi-
mately 100  A. ceylanicum hookworm eggs extracted from the 
feces of infected laboratory hamsters were placed in individ-
ual wells of a 96-well microtiter plate along with increasing 
concentrations of albendazole. Plates were incubated at 27°C, 
and at 48 hours, the number of hatched first-stage (L1) hook-
worm larvae was counted under light microscopy. The hatch 
rate (percent) was determined by using the equation:
hatch rate = (number of hatched larvae)/(number of
hatched larvae+number of remaining eggs)
 Data were plotted to produce hatch rate curves comparing 
albendazole used in the field study (Remedica) with the iden-
tical drug purchased from Sigma. 
 Statistical analysis.  All data generated from this study were 
stored in Microsoft Excel (2003), and statistical analysis was 
carried out in SPSS version 15.0. Statistical tests included 
parametric and non-parametric comparison of means, c 2 tests, 
 z tests for comparison of proportions, and logistic regression 
analyses. Separate logistic regression analysis was conducted 
for adults (age > 15 years) and children (age ≤ 15 years) for 
baseline hookworm infection status. Initial variables tested 
were derived from a theoretical framework of factors thought 
to affect exposure and susceptibility to hookworm infection. 
Adjusted odds ratios are reported for significant variables, 
controlling for age, gender, and community. 
 RESULTS 
 Study subject characteristics.  Individuals from 62 house-
holds participated in the survey, with an average of 4.2 subjects 
per household and a range of 1 to 9 subjects from each. The 
final sample included 20 households each from two commu-
nities (KA and GU) and 22 households from the third com-
munity (JA/C). Household size ranged from 1 to 88 people, 
with a median of 9 people. The ages of subjects ranged from 
1 to 80 years, and 51.6% were female; 46% of the subjects were 
aged 10 years or younger, and 21% were aged 41 or older. Of 
the children aged 5–14, 74% were enrolled in school. Of those 
over age 15, 33% reported some primary or secondary school, 
and 64% were farmers. 
 Nineteen percent of the participants reported using a latrine, 
and 16% of the households reported having a pit latrine, all of 
which were shared. Overall, 13% of the study households used 
well water exclusively, whereas others also used pond water. 
 The overall rate of wasting (low weight for height) among 
children 5 years of age and younger was 6.5%, which is simi-
lar to a previously reported rate of wasting among children 
in Ghana (7.1%). 23 More than one-half of those ages 15 and 
under had consulted a healthcare worker in the last year 
(60%) compared with 40% of the adults surveyed. Adults 
and children reported similar rates of fever in the past month 
 Figure 1.  Characteristics of the study population. 
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(37% and 38%, respectively) and diarrhea in the last 6 months 
(24% and 31%, respectively). 
 Prevalence of geohelminths and malaria.  The overall 
prevalence of hookworm in the study population was 45% 
(116 of 258 subjects), with 107 subjects (92.4%) classified as 
having light infection (< 2,000 eggs per gram [epg] of feces). 24 
Only five (4.3%) subjects were moderately infected (2,000–
3,999 epg), and four (3.4%) were heavily infected (> 4,000 
epg). Other intestinal parasites were present in fewer than 
3% of the population, including  Hymenolepis nana (3%), 
 Taenia solium (1.1%), and  Trichuris trichiura (1.2%).  Ascaris 
lumbricoides was not detected.  Figure 2A shows the age-
related prevalence of hookworm infection, which was lowest 
in children under 6 years of age (20.5%) and highest in the 
11–20 year age group (58.5%). The prevalence in children 
under age 6 was significantly different from the prevalence in 
the 6–10 and 11–20 year age groups ( P < 0.05). 
 The overall prevalence of a positive blood smear for malaria 
( Plasmodium falciparum ) was 54% and was highest (81%) 
in children 6–10 years old ( Figure 2A ). Of note, all study par-
ticipants with malaria were asymptomatic. The prevalence of 
malaria in children ages 6–10 was significantly different from all 
older age groups ( P < 0.05). The prevalence of coinfection with 
both malaria and hookworm ( Figure 2B ) was highest in chil-
dren ages 6–10 (51%) and lowest in adults ages 41–60 (10%). 
Of note, 86.8% of those 6–10 years and 85.7% of those 11–20 
years were infected with hookworm, malaria, or both, indicative 
of a potentially high burden of disease in these age cohorts. 
 Factors associated with hookworm infection status at base-
line.  Using univariate analysis, there was no statistically sig-
nificant association of hookworm infection status with gender, 
community of residence, or history of anthelminthic treatment 
in the past year ( Table 1 ). In children (ages ≤ 15 years), demo-
graphic factors associated with hookworm infection included 
level of education ( P < 0.01), occupation (student versus non-
student;  P < 0.01), and malaria parasitemia ( P = 0.015). There 
was no association between hookworm infection and shoe use 
or access to latrines. Among those 15 years and younger, the 
mean age of those infected with hookworm (8.37 ± 2.8 years) 
was significantly higher than those who were negative for 
hookworm (5.95 ± 3.37 years;  P < 0.001). 
 In subjects older than 15 years, there was no association 
between hookworm infection status and level of education or 
malaria parasitemia ( Table 1 ). However, in contrast with the 
younger cohort (≤ 15 years), hookworm infection status in 
this group was associated with occupation (< 0.001), shoe use 
(< 0.01), and access to a latrine (< 0.001). In addition, the average 
BMI of those older than 15 years who were hookworm-positive 
(20.5) was significantly lower than in those who were hook-
worm-negative (22.1;  P < 0.01). Although only 15.6% of adults 
with a BMI > 23 were hookworm-positive, 54% of those with a 
BMI ≤ 23 were hookworm-positive at baseline, a difference that 
was statistically significant ( P < 0.001).  Figure 3 shows the distri-
bution of BMI as a function of baseline hookworm infection. 
 Using multivariate analysis, hookworm infection in children 
was associated with a positive malaria smear when control-
ling for age, gender, and community ( Table 2 ). The adjusted 
odds ratio (OR) for infection with hookworm in children 
with malaria was 2.84 (95% confidence interval [CI] = 1.11, 
7.26) compared with those without malaria. Infection was also 
associated with serum reactivity to hookworm ES antigens 
( Table 2 ). Children in the second (OR = 5.43; CI = 1.59, 18.54), 
third (OR = 4.97; CI = 1.26, 19.68), or fourth (OR = 6.24; 
CI = 1.72, 22.65) highest quartile of serum reactivity to hook-
worm ES were significantly more likely to have hookworm 
infection than those in the lowest quartile ( Table 2 ). 
 In those over 15 years of age, statistically significant risk 
factors for hookworm infection included farming as an 
occupation (OR = 4.89; CI = 1.90, 12.61), lack of latrine use 
(OR = 6.10; CI = 2.09, 17.54), and infrequent wearing of shoes 
(OR = 4.06; CI = 1.57, 10.53) ( Table 2 ). Likewise, a higher 
BMI was associated with decreased prevalence of hookworm 
infection (OR = 0.71; CI = 0.60, 0.85) when adjusted for age, 
gender, and community ( P < 0.01). In contrast to younger sub-
jects, this group showed no statistically significant association 
between serum IgG levels against hookworm ES products 
and baseline infection status. 
 Prevalence of anemia.  The overall prevalence of ane-
mia in the study population was 51%, and it varied by age 
and hookworm/malaria infection status ( Figure 4 ). In chil-
dren ages 6–15 years, a positive blood smear for malaria in 
the absence of concurrent hookworm infection was signifi-
cantly associated with anemia (OR = 4.92; CI = 1.05, 23.09; 
 P = 0.04) compared with those without either infection 
( Table 3 ). By contrast, in this age group, there was an approxi-
mately twofold increase in the risk of anemia with hookworm 
 Figure 2.  ( A ) Age-associated prevalence of hookworm and 
malaria infections. Numbers in parentheses represent the number of 
subjects screened for hookworm (HW) and malaria (Mal), respec-
tively. ( B ) Age-associated prevalence of single infection (HW or Mal), 
coinfection (HW and Mal), and no infection. 
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(but not malaria) infection (OR = 1.99; CI = 0.27, 14.89), a dif-
ference that was not statistically significant ( P = 0.5). Despite 
the increased risk in children singly infected, the risk of anemia 
in children positive for both hookworm and malaria was com-
parable with that in subjects with hookworm alone (adjusted 
OR = 2.34; CI = 0.56, 9.84), and the difference was not sta-
tistically significant ( P = 0.25). These data suggest that con-
current low-intensity hookworm infection is associated with 
a reduced risk of malarial anemia, at least in school-age chil-
dren. Of note, in older age groups (> 15 years), anemia was not 
significantly correlated with hookworm or malaria infection 
status, when controlling for age, gender, and education. 
 Response to treatment with albendazole.  One hundred 
two individuals who were positive for hookworm infection 
at baseline were treated with a single 400-mg oral dose of 
albendazole; 95 individuals provided follow-up fecal samples. 
Based on follow-up fecal exams, the cure rate was estimated 
at 61.1%, with an overall egg reduction rate of 81.5% 
( Table 4 ). Of 37 individuals (39%) who failed albendazole 
therapy, 14 showed an increase in fecal egg excretion on 
follow-up exam. Within the group that failed therapy, the 
difference in fecal egg excretion pre- and post-treatment was 
not statistically significant (317 epg at baseline versus 187 
epg at follow-up;  P = 0.084). There was also no significant 
difference in baseline fecal egg excretion between those who 
were cured (215.9 epg) and those who failed treatment (314.7 
epg;  P = 0.25), evidence that intensity of infection was not a 
factor mediating response to albendazole. 
 To confirm that the albendazole used in the study was fully 
active against hookworm, an  in vitro analysis of drug efficacy 
was carried out using a laboratory strain of  A. ceylanicum . 25– 27 
As shown in  Figure 5 , there was no detectable difference in 
anthelminthic activity between the study drug (Remedica) 
 Table 1 
 Study sample characteristics as defined by age and hookworm infection status 
Characteristic
Age ≤ 15 years ( N = 132) Age > 15 years ( N = 126)
Number (%) of hookworm-positive subjects  P value * Number (%) of hookworm-positive subjects  P value
Community
 Kawampe 25 (56%) 0.117 17 (53%) 0.124
 Gulumpe 18 (35%) 19 (54%)
 Jato-Akuraa/Cheranda 16 (46%) 21 (36%)
Gender
 Male 37 (50%) 0.166 21 (41%) 0.405
 Female 22 (38%) 36 (48%)
Education
 None 17 (30%) < 0.01 39 (46%) 0.431
 Primary 41 (56%) 11 (52%)
 Secondary 0 7 (33%)
Occupation
 Nothing 17 (32%) < 0.01 4 (36%) < 0.001
 Student 42 (55%) 9 (82%)
 Farmer 0 42 (53%)
 Trades and other occupations 0 2 (9%)
Shoe usage
 Always or often 11 (39%) 0.473 28 (37%) < 0.01
 All others 46 (47%) 26 (63%)
Latrine use
 Uses a latrine 5 (31%) 0.248 6 (18%) < 0.001
 Does not use a latrine 54 (47%) 51 (55%)
Anthelminthic usage
 In the last year 19 (51%) 0.340 7 (39%) 0.563
 Not within the last year 37 (42%) 49 (46%)
Malaria
 No parasitemia 10 (28%) 0.015 38 (46%) 0.632
 Parasites present 49 (52%) 18 (42%)
BMI mean (standard deviation)
 Hookworm-positive at baseline Not available 20.5 (2.3) < 0.01
 Hookworm-negative at baseline Not available 22.0 (3.1)
Age
 Hookworm-positive at baseline 8.37 (2.8) < 0.001 37.3 (17.7) 0.132
 Hookworm-negative at baseline 5.95 (3.37) 42.2 (18.2)
 *  Compared with hookworm-negative subjects from same age group. 
 Figure 3.  Hookworm infection is associated with poor nutritional 
status in adults. Mean body mass index (BMI) of study subjects older 
than 15 years who were infected with hookworm (HW+) at baseline was 
lower than in those who were not infected (HW−;  P < 0.01; details in 
the text). Association was seen in both males and females (not shown). 
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and newly purchased albendazole (Sigma). 18, 22 It is, therefore, 
unlikely that inadequate storage or poor-quality pharmaceu-
tical manufacturing explain the high treatment failure rate in 
this population. 
 DISCUSSION 
 Hookworm infection is widespread throughout the tropics, 
with negative effects on the health and productivity of hun-
dreds of millions of people. 1, 2 Across sub-Saharan Africa, the 
prevalence of hookworm is approximately 29%, correspond-
ing to nearly 200 million people being infected. 28 At present, 
there is no available vaccine to prevent hookworm infection, 
leaving periodic deworming and avoidance of risk behavior as 
the only effective measures of disease control. 
 Although prior studies of hookworm infection in Ghana 
have been published, most recent work has focused on pop-
ulations in the northern part of the country. By contrast, lit-
tle is known about the age-associated prevalence, intensity, 
social/demographic factors, and patterns of other infectious 
diseases in the Kintampo North Municipality located near the 
center of the country. To address this lack of baseline infor-
mation, we conducted a cross-sectional pilot study to define 
the epidemiology of hookworm infection in this region of 
central Ghana. The data confirm a high prevalence (45%) of 
low-intensity hookworm infection that is comparable with 
published data from West Africa. 29, 30 In addition, we found a 
peak prevalence in school-age children, similar to previous 
findings from Africa 31 but different from the steadily increas-
ing prevalence with age reported from Asia. 32– 34 
 The risk of contracting hookworm correlates with behav-
ioral, social, and economic factors that mediate potential 
exposure, including lack of access to a latrine, crowded house-
holds, and overall socioeconomic status. 5, 35– 38 Risk factors iden-
tified in this population confirm these findings but also link 
infection with general health status (BMI and concurrent 
malaria infection) and occupational exposure (farmers), which 
may represent surrogate markers of socioeconomic status. 
For example, although lack of access to latrines and infrequent 
shoe use are more likely to be seen in poorer communities, 
providing latrines or shoes does not impact the prevalence of 
soil-transmitted helminth infections. 39 
 School-age children with hookworm infection were nearly 
three times more likely (OR = 2.84; 95% CI = 1.11, 7.26) to 
have a positive malaria smear at baseline than those who 
were hookworm-negative ( Table 2 ), and this age cohort also 
had the highest prevalence of coinfection (51%) ( Figure 2B ). 
Effects of concurrent helminth infection on the prevalence 
and clinical severity of malaria have been studied; however, 
the data are inconclusive, and mechanisms are poorly defined. 
For example, a cross-sectional study of school-age children 
in Tanzania found a higher prevalence of helminth infection 
(hookworm or  Schistosoma mansoni ) among children with 
 P. falciparum , 40 although a comparable study of younger chil-
dren (6–23 months) found a lower prevalence. 41 A deworming 
trial in Nigeria showed a significantly reduced rate of increase 
in malaria prevalence and intensity among children who were 
treated with albendazole. 42 Two studies in Thailand found that 
 Ascaris coinfection was associated with a decreased risk of 
cerebral malaria, 43, 44 although a prospective study by the same 
authors found a higher risk. 45 A recent study by Pullan and 
others 46 reported significant clustering (spatial and house-
hold) of hookworm and malaria infections in Uganda as well 
as evidence of an association between the two in pre–school-
age children. Other studies have found no association between 
hookworm and malarial episodes, 47, 48 and the interpretation of 
existing data is complicated by differences in study popula-
tions, presence of multiple helminth species, variations in hel-
minth infection intensities, and variations in the definition of 
 Table 2 
 Risk factors for hookworm infection 
Adjusted odds ratio *  P value 95% CI
Children
 Malaria 2.84 0.03 1.11, 7.26
 ES IgG 2nd quartile 5.43 0.007 1.59, 18.54
 ES IgG 3rd quartile 4.97 0.02 1.26, 19.68
 ES IgG 4th quartile 6.24 0.005 1.72, 22.65
Adults
 Body mass index 0.71 < 0.001 0.60, 0.85
 Does not wear shoes 4.06 0.004 1.57, 10.53
 Does not use a latrine 6.10 0.001 2.09, 17.54
 Farmer 4.89 0.001 1.90, 12.61
 * Adjusted for age, gender, and community. 
 Figure 4.  Age-associated prevalence of anemia in subjects with 
single infection (HW or malaria Mal), coinfection (HW + Mal), and 
no infection (none). 
 Table 3 
 Infection status and risk of anemia in school-age children (6–15 
years) 
Adjusted odds ratio * 95% CI  P value
Malaria 4.92 1.05, 23.09 0.04
Hookworm 1.99 0.27, 14.89 0.5
Hookworm + malaria 2.34 0.56, 9.84 0.25
 * Adjusted for age, gender, and education. 
 Table 4 




Cure rate (%) 61.1
Arithmetic mean egg count † 
Baseline 739.3 ± 1,583.2
Post-treatment 136.8 ± 329.0
Egg reduction rate (%) 81.5%
 *  Only hookworm-positive subjects at baseline are included. 
 †  Table includes mean eggs per gram ± standard deviation. 
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malaria. Given the complexity of the relationship between 
these two highly endemic parasitic diseases, it is difficult to 
draw conclusions about the degree to which one may have 
influenced susceptibility to the other in the Kintampo North 
study population. 
 Both hookworm infection and malaria are known to cause 
anemia, especially in children and women of childbearing 
age. 49, 50 In this study population, the risk of anemia among 
children ages 6–15 years was highest in those who had isolated 
malaria infection (OR = 4.92), and this risk was greater than 
in those who were infected with both hookworm and malaria 
(OR = 2.34) ( Table 3 ). Despite the small sample size, this 
pattern (greater risk of anemia with isolated malaria infec-
tion compared with coinfection) was observed across three 
of four age groups studied, the exception being adults ages 
16–40 years old (data not shown). Our findings are consis-
tent with previous reports, including a study in Zanzibar that 
reported a larger negative effect on blood hemoglobin levels 
in children with malaria infection alone than in those who were 
coinfected with helminths. 41 Similarly, in a study of Peruvian 
school children, there was a significant drop in hemoglo-
bin during a symptomatic infection with  Plasmodium vivax 
among children who were not infected with intestinal helm-
inths, whereas anemia was not exacerbated in those harboring 
worms. 51 By contrast, others have reported varying increases 
in the risk of anemia with malaria and helminth coinfection 
across various age groups. 46, 52– 56 Given that there are more than 
400 million cases of  P. falciparum each year, 57 many occurring 
in areas endemic for helminths, a greater understanding of the 
interaction between these two highly prevalent and clinically 
important parasitic diseases could lead to the formulation of 
more effective control strategies for both. 
 Adults who tested positive for hookworm had a signifi-
cantly lower mean BMI (20.5 versus 22.5;  P < 0.01) than those 
who did not test positive ( Table 1 and  Figure 3 ), consistent 
with cross-sectional studies that have found an association 
between poor nutritional status and intestinal helminth infec-
tions. 58– 61 Treating intestinal helminth infections, particularly in 
areas with a high prevalence of hookworm, can improve chil-
dren’s nutritional status, 9, 62– 65 supporting a causal role for hel-
minth infections in the pathogenesis of malnutrition. However, 
although the lower BMI may be a consequence of hookworm, 
we propose that malnutrition could also mediate susceptibil-
ity to infection. There is a large body of evidence from animal 
studies of intestinal nematode infections, including hookworm, 
to suggest that micronutrient intake as well as underlying 
nutritional status can play a significant role in susceptibility 
and the host’s capacity to control intensity of infection. 66– 71 
 Several recent studies have followed infected children after 
deworming to determine the influence of nutritional factors 
on reinfection. Hagel and others 72 in Venezuela found that chil-
dren aged 6–11 years with lower height for age z score (HAZ) 
and weight for age z score (WAZ) scores had significantly 
higher risks of reinfection with  Ascaris 8 months after complet-
ing treatment . Similarly, rural schoolchildren in Malaysia who 
were stunted had significantly higher rates of reinfection with 
STNs, 73 and a study in Brazil found a significantly higher rate 
of reinfection in undernourished children (38%) than in those 
who were well-nourished (25%). 59 Ultimately, a greater under-
standing of the influence of nutritional status on susceptibility 
to helminth infections could inform future strategies aimed at 
integrating dietary supplementation with deworming programs. 
 We also observed an association in children between infec-
tion status and total IgG antibody levels against pooled 
adult hookworm ES proteins. It has previously been noted 
that infected individuals from endemic populations exhibit 
strong humoral response to various worm antigens and that 
certain immunoglobulin subtypes may be more closely asso-
ciated with infection status. 74– 77 The serologic data presented 
here show that ES proteins from the human and animal 
hookworm  A. ceylanicum 25– 27 can serve as useful reagents 
for measuring parasite-specific antibody responses in sub-
Saharan Africa. This finding confirms significant cross-reac-
tivity between ES proteins of  A. ceylanicum and those from 
the two most common human hookworm species in Ghana, 
 A. duodenale and  N. americanus . 78, 79 Also, the observation 
that levels of IgG correlate with infection status, at least in 
children, validates the use of  A. ceylanicum as a source of 
potentially relevant hookworm antigens that can be identi-
fied based on reactivity with human sera. Because the labo-
ratory model of  A. ceylanicum infection recapitulates the 
clinical features of human hookworm infection, 19, 21, 80 specific 
ES antigens recognized by infected individuals may represent 
valuable targets for human drug and vaccine development. 
 It is interesting to note that, among the three most com-
mon STN infections (i.e., hookworm, ascariasis, and trichuri-
asis), only hookworm was present in significant numbers in 
the study population. The reason for this marked disparity 
in Kintampo North is not known, because central Ghana is 
known to be endemic for the three major STNs. 56, 81 Although 
we were unable to document evidence of prior albendazole 
exposure, this region of Kintampo North has participated 
in an intensive government sponsored onchocerciasis con-
trol program, which relies on periodic mass drug administra-
tion (MDA) with ivermectin. Ivermectin has modest efficacy 
against hookworm compared with other STNs, 16, 82 and MDA 
programs for onchocerciasis can alter the epidemiology of 
STN infections. 82, 83 For example, in the study by Moncaya and 
others, 82 a reduction in  T. trichiura prevalence because of iver-
mectin therapy was associated with a marked increase in the 
prevalence of hookworm. 
 Figure 5.  Comparison of anthelminthic activity of two prepa-
rations of albendazole using  in vitro egg hatch assay. No differ-
ence in activity was observed between the Remedica and Sigma 
albendazole preparations against a laboratory strain of hookworm 
( A. ceylanicum ). 
798 HUMPHRIES, MOSITES, AND OTHERS
 Although administration of albendazole was associated 
with an overall egg reduction rate of 81% in the study popula-
tion, treatment failed to eliminate fecal egg excretion in more 
than one-third (39%) of subjects on follow-up exam. For com-
parison, the efficacy of albendazole ranges from 45% to 100% 
in published studies, placing the cure rate in this study (61%) 
to the lower end of what has been reported. Outcome did not 
correlate with age, sex, occupation, community of residence, or 
pre-treatment intensity of infection, because nearly all of the 
subjects had light infections (< 2,000 epg). To investigate the 
quality of the medication, we compared the albendazole prep-
aration used in the study (Remedica) with newly purchased 
drug (Sigma) using an  in vitro egg hatch assay, which showed 
no difference in activity against a laboratory strain of hook-
worm ( Figure 5 ). Compliance was also not an issue, because 
the administration of albendazole was directly observed by 
members of the study team. 
 In the absence of an alternative explanation, the prospect 
of benzimidazole resistance in Kintampo North must be con-
sidered, especially because, among those who were not cured, 
there was no statistically significant difference between pre- 
and post-treatment fecal egg counts ( P = 0.084). Although 
resistance to benzimidazoles among veterinary nematodes 
is widespread, genetically mediated resistance of human 
hookworms to this class of anthelminthic has not been con-
firmed. However, increasing treatment failure rates with pyr-
antel pamoate and mebendazole have resulted in these drugs 
no longer being recommended for the treatment of human 
hookworm infection. 16, 84, 85 Moreover, reduced  in vitro activ-
ity of mebendazole has been observed in human hookworm 
isolates from Pemba Island, an endemic area known for high 
rates of treatment failure, 86 compelling evidence of emerging 
resistance. Preliminary analysis of a 2010 follow-up study in 
Kintampo North points to an albendazole treatment failure 
rate of greater than 50% (Humphries D and others, unpub-
lished observation), confirming the data reported here and 
raising further doubts about the effectiveness of this agent for 
the treatment of hookworm in Ghana. 
 In summary, results from a cross-sectional pilot study show 
a high prevalence of hookworm and malaria coinfection in 
Kintampo North Municipality of central Ghana. In addition to 
validating previously recognized risk factors, including nutri-
tional status, we have also shown a novel association between 
hookworm infection and antibody levels to ES proteins from 
 A. ceylanicum . We also observed that the risk of anemia was 
lower in children coinfected with malaria and hookworm than 
in those with malaria alone, suggesting that hookworm may 
modulate the pathogenesis of  P. falciparum . Lastly, the high 
rate of albendazole treatment failure observed in this popula-
tion raises concerns about benzimidazole resistance, a finding 
that warrants further investigation in Ghana and throughout 
sub-Saharan Africa. 
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